Fullerene C 60 has stimulated intense interest for scientific, industrial, and medical community because of its unique structure and properties. In the present study we prepared fullerene-doped nanocomposite films based on PMMA, PVAc, and PMMA/PVAc blend. Observations made by transmission electron microscope (TEM) showed the uniform dispersion of C 60 nanoparticles in the polymer matrices. Also, X-ray diffraction measurements indicated that C 60 has a tendency to form crystallites in the polymer matrices. In addition, the concentration effect of fullerene C 60 was investigated using optical absorption and photoluminescence spectroscopy. The spectroscopic properties of such films recommended their application in photonics and solar energy conversion.
Introduction
Recently, polymers are finding an important place in different research laboratories for the study of their various properties [1] . Many polymers have been proved suitable matrices in the development of composite structures due to their ease production and processing, good adhesion with reinforcing elements, resistance to corrosive environment, light weight, and in some cases ductile mechanical performance [2] . Fullerenes have been widely studied due to their unique structural, electronic and spectroscopic properties, which may be exploited for their diverse applications in chemistry, biology, and nanoscience [3] .
Lately interest of researchers engaged in different fields of knowledge is seen to be focused on determination of the action of nanomaterial addition, such as fullerenes and nanotubes, on properties of polymers and their compositions. Incorporation of fullerene and nanotubes into chemical composition of polymers gives one more opportunities for their study and application as composite materials, films, and fibers serving different purposes [4] .
Also, the research of polymer material has been directed to blend or copolymer of different polymers to obtain new products having some of the desired properties of each component [5] . PMMA (polymethylmethacrylate) and its derivatives are known for their medical applications, particularly for hard tissue repair and regeneration. PMMA and (polyvinyl acetate) PVAc form an important and unique pair of polymers although they are chemically different [6] .
The aim of the present work concerns on studying the change in the optical absorption, the optical parameters and photoluminescence spectra for the samples of fullerene polymer composites which are recorded at room temperature. In addition, X-ray diffraction (XRD) and transmission electron microscope (TEM) are used to characterize the fullerene/Polymer nanocomposites.
Materials and Methods

Materials.
Both PMMA (poly methyl methacrylate) and PVAc (poly vinyl acetate) used in this study were obtained from Sigma-Aldrich (Germany) and were reported to have molecular weights of 996,000 and 167,000 g·mol −1 , respectively. Moreover, Buckminster fullerene powder C 60 , has purity of 97% and Mr = 720.66 and was obtained from Fluka (USA). In addition, chloroform has purity of 99.8% (HPLC) was used as a common solvent for PVAc, PMMA, and C 60 .
Preparation of the Samples.
Composite films (thickness 60 ± 10 μm) of PMMA, PVAc and a blend of (PMMA/PVAc 50/50) doped with C 60 were prepared by using solution-cast technique. PMMA, PVAc, and C 60 were dissolved separately in chloroform and stirred for 48 h at 40
• C. After that, C 60 was mixed with homopolymers and also in their blend with different concentrations and subsequently cast onto glass dishes and then left to be dry. After drying, the films were removed and heated at 100
• C to evaporate the confined solvent molecules. The concentrations of C 60 in the two homopolymers and their blend are 1 × 10 −5 , 5 × 10 −5 and 1 × 10 −4 mol. %.
Film Characterization.
TEM was performed by Transmission Electron Microscope, JEOL JEM-1400, Japan. X-ray diffraction patterns were recorded by using a Philip XRD-500 X-ray diffraction analyzer with nickel-filtered Cu-Kα radiation at 30 kV and 20 mA.
Spectroscopic Properties.
The absorption spectra were recorded using a UV-VIS spectrophotometer (UNICAM, Helios Co., Germany) in a range of wavelength from 190 to 900 nm. Spectrofluorimeter (Shimdzu RF-5301, PC, Japan) has been used for recording the photoluminescence spectra of C 60 doped in PMMA, PVAc, and a blend of them. The samples were measured at room temperature and at an excitation wavelength of 400 nm. Figure 1 presents the TEM photograph of fullerene C 60 molecules dispersed in (50/50 PMMA/PVAc) blend, it is clear that C 60 nanocrystals have a spherical shape. Figure 2 shows the XRD pattern for fullerene nanocrystals, sharp peaks are clearly noticed characterizing fullerene C 60 at 2θ ∼ 10.8
Results and Discussion
Characterization of the Samples.
• and also at ∼17.7
• in agreement with the literature [7, 8] . XRD results show that C 60 embedded in the polymer blend are very prone to coalesce into crystallites [7] .
Fundamental Absorption Edge.
The variation of the optical bulk absorption coefficient, α, with wavelength is a unique parameter of the medium, it provides the most valuable optical information available for material identification. The absorption coefficient (α) at angular frequency (ω) of radiation was calculated using [9] 
where P is the absorbance and d is the film thickness. The fundamental absorption edge is one of the most important features of the absorption spectrum of crystalline and amorphous materials. The increased absorption near the edge is due to the generation of neutral excitations
International Journal of Photoenergy and/or the transition of electrons from the valence band to the conduction band [10, 11] . Plotting the absorption coefficient against photon energy for different concentration of fullerene doped the polymer illustrates that the absorption coefficient exhibits a steep rise near the absorption edge and also a straight line relationship is observed in the high α-region as seen in Figure 3 . It is clear that the value of the absorption edge decreases with increasing the fullerene concentration doped in the polymer. The intercept of extrapolation to zero absorption with photon energy axis is taken as the value of absorption edge [12] .
Optical Band Gaps.
The fundamental absorption is related to band-to-band transitions, and is subject to certain selection rules [13] . The usual method to determine the energy of the band gap is to plot a graph between (ahv) 1/n and hv looking for the value of n (depends on the nature of transition) that gives the best linear fit of a given data set [14] . The allowed direct and indirect transitions are given by the values of n as 1/2 and 2, respectively:
where A and B are constants, E gd and E gi are the direct and indirect energy gaps respectively and E p is the phonon energy [13] . All the samples of different concentrations of fullerene polymer composites have the same behavior in their direct and allowed transitions. According to (2) , there will be a single straight line for direct transitions and two linear portions for indirect transitions. It could be observed that from Figure 4 (a) plotting (αhν) 2 against hν brought in to view a linear behavior that can be considered as an evidence of the direct transition and the optical gap, E gd , can be estimated from the intercept on the energy axis of the linear fit of the large energy data of the plot [15] .
On the other hand, Figure 4 (b) shows that plotting (αhν) 1/2 against hν for in direct transition may be resolved into two distinct straight-line portions. The straight line obtained at lower photon energies, corresponding to phonon-absorption process, cuts the energy axis at E gi − E p . The other line represents the dependence in the high energy range corresponding to a phonon-emission process and cuts the energy axis at E gi + E p . From the energy intercept of the two straight line portions, the values of E gi and E p could be estimated [14] .
The values of E gd , E gi , and E p are listed in Table 1 which illustrate that the values of E gd and E gi decrease with increasing the concentration of fullerene doped in the polymer sample.
In the mean time, the absorption tails in amorphous and semi crystalline materials could be interpreted in terms of the Dow-Redfield effect [16] taking the form of Urbach rule [17] as follows:
where α o is a constant and E e is the width of the tail of the localized states in the band gap. The values of E e which are listed in Table 1 can be calculated as the reciprocal gradient of the linear portion of plotting ln(α) against hν. In addition, Table 1 illustrates that with increasing the concentration of the doped fullerene, the values of E e increased. It is noted that 200 300 400 500 600 700 800 900 1000 1100 1200 1300 λ (nm)
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the dependence of E g on the sample preparation does not match with E e values because the sample having a narrower band gap expected to have a wider band tail. The change in E e is probably affected by potential fluctuations associated with the polymer structure but not the change in E g , because the initial and final states are practically have the same potential [18] .
Photoluminescence Spectroscopy of Doped Composites.
The photoluminescence (PL) spectra of different concentrations of fullerene doped in PMMA, PVAc, and their blend, at room temperature, is shown in Figure 5 . The full symmetry of C 60 molecules is that of the icosahedra point group I h , and the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), of C 60 molecules are fivefold-degenerate h u , and threefold-degenerate t 1u orbital, respectively. Consequently, the optical transitions between the h u -derived valence band and the t 1u -derived conduction band are parity forbidden. However, these transitions can be rendered by either solid state effects or interactions between C 60 and surrounding solvent molecules. Thus the PL spectrum for C 60 /PMMA films [19] and also that of the others can be interpreted as a result of radiative transitions between the h u -derived valence band and the t 1u -derived conduction band. In addition, it is observed that the photoluminescence intensity of the all samples is improved by increasing the concentration of the fullerene doped in the polymer. Moreover, Figure 5 illustrates that the PL peak intensity for each concentration of C 60 doped in (PMMA/PVAc 50/50) blend is greater than the corresponding concentration doped in PMMA and also PVAc composites. Consequently, it could be deduced that (PMMA/PVAc 50/50) blend has modified the optical properties of its homopolymers in agreement with the literature [20] . Also, it is illustrated that there is a region of PL band centered at 745 ± 5 nm for all the samples. This high luminescence peak of C 60 always lies below the transition forbidden HOMO-LUMO gap which depends upon the excitation energy [21] . In addition, a band centered at 550 nm, is observed for fullerene/PVAc composites, which is interpreted as a result of relaxed forbidden transitions of excited carriers between HOMO and LUMO of C 60 [19] . The symmetry of C 60 is lowered greatly which induces the relaxation of selection rules and a peak of PL [22] .
Furthermore, the fluorescence quantum yield has been calculated relative to Rhodamine B as a reference (φ f = 31% in water) from [23] 
where D s and D r are the integrated area under the corrected fluorescence spectra for the sample and reference, n s and n r are the refractive indices of the sample and reference, respectively. Besides this, it is important that the spectral region of the samples luminescence fits the spectral region of sensitivity of the photovoltaic cells. The sensitivity of photovoltaic cell must be adjusted to match the spectral emission of the sample. The spectral sensitivity of silicon is influenced by its production method [24] . Figure 6 shows the spectral sensitivity of some types of silicon solar cells and their range of sensitivity as multicrystalline (MC-SI) from 375 to 1100 nm, amorphous (A-SI) from 410 to 775 nm and crystalline (C-SI) from 500 to 1125 nm. The maximum PL for all the samples as indicated before could be detected by one of these silicon cells.
Conclusions
Different concentrations of fullerene C 60 doped in PVAc, PMMA, and their blend were prepared by solvent casting method. TEM and XRD measurements illustrated that the fullerene doped in the polymer is crystallite. In addition, the phonon energy and the direct and indirect energy gap were calculated for the samples which were decreasing by increasing the concentration of fullerene. On the other hand, the values of the band tail width were inversely proportional to the fullerene concentration as the sample having a narrower band gap expected to have a wider band tail. Moreover, the photoluminescence spectra were detected for the samples which clarified its improvement by increasing the concentration of the fullerene-doped in the polymer as well as the fluorescence quantum yield. Also, PMMA/PVAc blend has modified the optical properties of its homopolymers which is suggested to be a good host matrix for the solar concentrators. Besides, the measured spectral sensitivity of silicon solar cells illustrated the applicability fullerene doped 6 International Journal of Photoenergy polymers coatings as luminescent downshifters, to overcome their poor performance at short wavelengths [25] .
